1. INTRODUCTION {#sec1}
===============

Cystic Fibrosis (CF) is one of the most common among rare diseases, affecting over 75000 patients worldwide. CF is caused by congenital mutations disrupting the function of the CF Transmembrane Conductance Regulator (CFTR) channel \[[@r1], [@r2]\]. More than 2000 mutations in the *CFTR* gene have been identified to date. Among these, the loss of the amino acid phenylalanine (F) at the 508^th^ position (F508-del mutation) accounts for approximately 70% of disease-related mutations in CF patients. The mutated F508-del CFTR channel is not properly folded, displaying minimal membrane levels and gating in CF epithelial cells. This defect, in turn, results in the production of abnormally viscous mucus, sweat and digestive fluids, which obstruct airways, intestine, pancreas and liver.

Improvements in the available therapies contributed to such an extension in life expectancy that the current view is to no more consider CF a pediatric disease, but rather a pathology of the young adult (some patients reaching 50 years of age). However, respiratory failure is still lethal in early adulthood, due to limited availability and incomplete efficacy of current treatments \[[@r3]\]. Indeed, although most CF patients have disease manifestations in multiple organs, respiratory failure remains the leading cause of morbidity and mortality, due to irreversible airways obstruction, recurrent and chronic infections, and progressive loss in pulmonary function.

In this review, we summarize the most up to date and relevant peptide-based approaches for CF therapy via the inhalation route. Unbiased search for "peptide" and "Cystic Fibrosis" keywords in Patentscope database retrieved patented inventions spanning from those improving mucus clearance, to those targeting the primary defect in CFTR function (Fig. **[1](#F1){ref-type="fig"}**). Some remarkable insights on carriers and available medical devices for inhaled delivery, as retrieved by PubMed investigation, are also provided. An in-depth albeit not systematic approach has been used to retrieve salient information that is considered useful for the reader. A critical perspective has been used to comment on available data and provide suggestions for future research.

2. CURRENT TREATMENTS OF CYSTIC FIBROSIS {#sec2}
========================================

Current treatments for CF combine several agents which delay either pulmonary (mucolytics, bronchodilators, antibiotics, corticosteroids, chest physiotherapy, airway clearance, and exercise) or gastroenteric dysfunctions (pancreatic enzyme replacement, fat-soluble vitamin replacement and high-caloric density diets). As a consequence, adherence to such complex and time-consuming therapies is often incomplete \[[@r4], [@r5]\].

Moreover, most of the available therapies achieve only a symptomatic relief and lack a mechanistic rationale, possibly due to the gaps in the comprehension of CFTR complex biology. Accordingly, only three medicinal products targeting the molecular defects were developed, so far, by Vertex Pharma, by means of high throughput screening and massive money investments. These molecules, which aim at restoring normal salt/water transport across epithelia, have been approved in the EU, and are marketed as Kalydeco^®^ (which is effective in a minor subset of patients), Orkambi^®^, and the recently developed Tezacaftor \[[@r6], [@r7]\].

Orkambi^®^ has been recently approved for the treatment of CF patients carrying the genetic F508del mutation in homozygosity, occurring in around 40% of the cases. Notably, Orkambi^®^ is the combination of a CFTR corrector and a potentiator. However, its clinical efficacy is unsatisfactory: treatment shows only limited improvement in lung function, not all the patients respond to therapy, and drug costs are elevated. Despite the recent approval of these new compounds restoring CFTR function, the quality of life and life expectancy of CF patients remain poor, and the current mean age of death is around 30 years \[[@r3]\].

However, clinical results with Orkambi^®^ indicate that the abnormal CFTR is *per se* a druggable target. This prompted the development of new drugs for oral CF treatment, including the Tezacaftor/Ivacaftor combined therapy, which is now in Phase III (NCT03150719), for patients carrying the homozygous F508-del *CFTR* gene who discontinued treatment with Orkambi^®^. Unfortunately, the cost of such regimens is elevated, possibly leading to failure of reimbursement agreements. Thus, effective and affordable drugs for CF therapy are still an unmet need.

3. RECENT DEVELOPMENTS ON PEPTIDE-BASED INHALED DRUGS {#sec3}
=====================================================

Given their attractive properties, such as high specificity, excellent safety and tolerability, several peptides have been proposed as therapeutic agents for respiratory diseases. Some of these are currently under development for CF systemic therapy, including the Vasoactive Intestinal Peptide (VIP) and an amino acid fragment of the CB subunit of crotoxin from Crotalus durrissus terrificus venom. VIP is indeed able to rescue F508-del CFTR trafficking to the apical cell membrane and restore protein function \[[@r8]\] while CB directly interacts with F508-del CFTR NBD1 domain and behaves as both potentiator and corrector \[[@r9]\]. Moreover, antimicrobial peptides have been considered for the treatment of CF-related infections, including the tetra-branched M33 peptide (and its derivatives) \[[@r10]-[@r12]\] and Esculentin-1a-Derived Peptides, currently under evaluation for their activity against *Pseudomonas aeruginosa* lung infections \[[@r13]\].

Interestingly, the antibiotic Tobramycin, which was initially delivered via the parenteral route, was lately administered as an inhaled medication that was recently optimized by the development of Tobramycin Inhalation Powder (TOBI Podhaler^®^) \[[@r14]\]. Therefore, we cannot exclude that peptides that have been initially tested for systemic and/or topical delivery might be implemented for inhaled delivery.

3.1. Peptides Reducing Mucus Viscosity {#sec3.1}
--------------------------------------

### 3.1.1. ENaC Inhibition {#sec3.1.1}

In CF, accumulation of de-hydrated mucus in the airways is a major pathogenic process. The balance of Cl^-^ secretion and Na^+^ absorption across the airway is critical for the regulation of Airway Surface Liquid (ASL) volume \[[@r15], [@r16]\]. Indeed, airway epithelia can both secrete chloride (Cl^-^) through the CFTR and absorb sodium (Na^+^) through the Epithelial Sodium Channel (ENaC), the apical channel responsible for Na^+^ absorption across a wide range of epithelia, including renal, gastrointestinal, and airway \[[@r17]\]. Therefore, modulation of ENaC by peptide-based drugs emerged as a promising therapeutic approach to maintain ASL in respiratory diseases \[[@r18]\].

In CF, the absence of CFTR results in ENaC hyperactivity, leading to uncontrolled absorption of Na^+^ and depletion of ASL volume \[[@r19]\], further resulting in lack of chloride and bicarbonate transport. The consequent defect in mucus clearance promotes the formation of biofilms colonized by pathogens, like *Pseudomonas aeruginosa*, *Staphylococcus aureus* and *Haemophilus influenza*. Notably, when submerged in biofilms, bacteria are less targetable by drugs, thus promoting the development of antibiotic resistance.

Short palate lung and nasal epithelium clone 1 (Splunc1) is a \~25kDa protein which acts as a volume sensor of ASL, and contains an ENaC inhibitory domain, the so-called S18 region \[[@r20]-[@r24]\]. Unlike conventional ion channel antagonists blocking the pore, Splunc1 inhibits ENaC by inducing allosteric modulation and endocytosis \[[@r25]-[@r28]\]. Since Splunc1 failed to regulate ENaC in CF lungs due to protease degradation, Spyryx Biosciences is currently developing SPX-10^®^, a Splunc1-derived peptide, which functions in CF airways as an ENaC inhibitor \[[@r29]-[@r33]\]. The restored ASL hydration is predicted to improve mucociliary clearance and decrease infection/inflammation in CF lungs \[[@r34], [@r35]\]. Inhaled SPX-101^®^ already concluded a Phase I study in CF patients (NCT03056989), and the HOPE-1 randomized, double-blind, placebo-controlled Phase II study for efficacy and safety is ongoing (NCT03229252).

Interestingly, S18-derived peptides are intrinsically disordered thanks to their peculiar amino acidic sequence and display a high degree of flexibility in their polypeptide chain, which lacks a stable 3D structure. As a consequence, they are heat-stable and can achieve a high contact area and binding efficiency with their target proteins \[[@r36]\]. In addition, S18-derived peptides are protease resistant, do not freely cross the respiratory epithelium barrier, and do not reach kidneys, thus avoiding the undesired induction of hyperkalemia caused by small molecule ENaC antagonists like amiloride \[[@r37], [@r38]\]. For many peptide-based drugs, the inability to cross the respiratory epithelium and reach the bloodstream after inhaled delivery may be an advantage, as it would result in low, if not absent, systemic bioavailability, thus reducing both on-target and off-target effects in other organs. For example, in the case of CF, inhaled antibiotics achieve higher concentrations with fewer side effects than orally delivered antibiotics \[[@r39]\]. Chronic inhalation of peptides could eventually induce a local immunogenic response, but, given that Splunc1-derived peptides are naturally occurring, at least in normal lungs, immunogenicity is unlikely for SPX-101^®^ \[[@r22]\].

### 3.1.2. Neutrophil Elastase (NE) Inhibition {#sec3.1.2}

Airway recruitment of neutrophils is another major hallmark of CF lung disease and is responsible for tissue remodeling and, ultimately, destruction as a consequence of the excessive release of Neutrophil Elastases (NEs). The activity and level of NEs are closely related to the ongoing inflammation, and NE levels are elevated in the Bronchoalveolar Lavage (BAL) fluid of CF patients \[[@r40]\]. Besides inducing lung damage, NEs cleave and activate ENaC, further reducing mucus hydration and clearance \[[@r41]-[@r44]\]. A number of NE inhibitors have been described \[[@r45]\]; among these, hypersulfated disaccharides were disclosed for the treatment of CF.

Alpha-1-Antitrypsin (AAT), also known as Alpha-1-Proteinase Inhibitor (API), is an endogenous NE inhibitor, which is predicted to improve pulmonary function \[[@r46], [@r47]\]. In CF, AAT levels are normal, but the burden of NEs is so large that it overwhelms AAT protective effect. To date, clinical grade AAT is obtained by extraction and purification from human plasma, a procedure that has been patented about three decades ago \[[@r48]\]. Five patents recently addressed the production of AAT (years 2013 to 2015) \[[@r49]-[@r53]\], as summarized in \[[@r54]\].

Intravenous infusion of AAT purified from human plasma is indicated for the chronic therapy of adults affected by severe hereditary API deficiency \[[@r55]\]. However, the need for prolonged and repeated intravenous access, as recommended for AAT deficiency-associated lung diseases, as well as for chronic diseases like CF, implicates an increased risk of thrombosis and infections \[[@r41]\]. To overcome these major issues, an inhaled biological therapy based on human AAT has been developed, and completed a phase I trial in CF patients (NCT01347190). Three phase II trials were also completed (NCT01684410 and NCT00486837 sponsored by Grifols Therapeutics; NCT00499837 sponsored by Kamada) and one was terminated (NCT02010411). Overall, inhaled AAT has been shown to be safe and well tolerated, albeit its clinical efficacy is still debated \[[@r41], [@r56]-[@r59]\].

However, a potential limitation of AAT is that several other proteases, including cathepsins and metalloproteases, are upregulated in CF and may contribute to lung damage, without being blocked by AAT \[[@r60]\].

### 3.1.3. DNA Clearance {#sec3.1.3}

CF airways are characterized by high levels of DNA and actin in the lung lumen, which are released by necrotic neutrophils \[[@r61]-[@r63]\]. Extracellular DNA accumulation, in turn, adversely alters mucus rheology, leading to decreased mucociliary clearance.

The first patented invention concerning the ability of DNase1 to cleave extracellular DNA, and thus decrease mucus viscosity, in CF lungs has been described in the nineties \[[@r64], [@r65]\]. Dornase alfa, or rhDNAse, is a recombinant version of human DNase1 protein used as a therapeutic for CF \[[@r66]\]. Pulmozyme^®^ is a FDA/EMA approved recombinant version of human DNase1 marketed by Genentech for the treatment of CF (Phase IV trial completed in 2013, NCT01712334), where it has been shown to reduce the incidence of infections \[[@r67]\]. Pulmozyme^®^ is administered via nebulization by means of different nebulizers, including Hudson T Up-draft II^®^ and Marquest Acorn II^®^ with Pulmo-Aide^®^, PARI LC^®^ Plus or PARI BABY™ with PARI PRONEB^®^, Durable Sidestream^®^ with Mobilaire™ or Porta-Neb^®^, and the eRapid^™^ Nebulizer System.

rhDNAse is nowadays considered a gold-standard drug. Notably, it was the first peptide-based drug showing the safety and efficacy requirements needed to be successfully developed and marketed as an inhaled therapeutic for CF.

3.2. Peptides Targeting the Primary CFTR Defect {#sec3.2}
-----------------------------------------------

### 3.2.1. NEG2 {#sec3.2.1}

The pioneer of peptide-based drugs for CF is a short peptide derived from the R domain of CFTR (amino acids 817-838), named NEG2 peptide, which was shown to play a critical role in channel activity regulation. Exogenous NEG2 peptide derivatives were shown to interact with CFTR, exerting both stimulatory and inhibitory effects on the function of the channel. Unfortunately, despite leading to a remarkable progress in the knowledge of CFTR biology, NEG2-derived peptides were not developed further for CF therapy \[[@r68], [@r69]\].

### 3.2.2. Thymosin Alpha 1 {#sec3.2.2}

Thymosin Alpha 1 (Tα1) is a naturally occurring polypeptide of 28 amino acids. Tα1 is well known for its immunoregulatory properties \[[@r70]\], and has been suggested as an anti-inflammatory agent and a CFTR modulator in CF \[[@r71]\].

Tα1 composition may be adapted for oral, parenteral, topical and inhaled administration \[[@r72]\]. Of note, the ability of Tα1 to correct/potentiate the F508-del CFTR mutant has been reported \[[@r71]\]. However, this finding has been questioned by a recent publication showing that Tα1 does not correct F508-del CFTR in CF airway epithelia, raising concerns on the future development of Tα1 as a CFTR modulator \[[@r73]\], but rather as an anti-inflammatory agent.

### 3.2.3. iCAL {#sec3.2.3}

In CF patients, F508-del CFTR is improperly folded, resulting in increased Endoplasmic Reticulum (ER) degradation and decreased Golgi trafficking. Moreover, the residual CFTR is removed from the apical membrane and degraded in lysosomes due to pathological interactions with CFTR-Associated Ligand (CAL), a CFTR-interacting PDZ domain protein that associates predominantly with Golgi \[[@r74]\]. Recently, CAL Competitive Inhibitor (iCAL) peptides have been shown to selectively bind to CAL PDZ domain, preventing the interaction with CFTR \[[@r75]\]. iCALs selectively inhibit CAL, but not NHERF, increasing F508-del CFTR at the membrane, resulting in increased Cl^-^ conductance in the bronchial epithelium of CF patients \[[@r75], [@r76]\].

Unfortunately, these isolated sequences are not suitable as drugs, due to their inability to penetrate cell membranes and reach their intracellular CAL target. CT007 is an optimized iCAL drug compound that represents a breakthrough for the selective stabilization of F508-del CFTR in CF and that acts by maintaining functional CFTR at the cell surface. CT007 shows additivity or even synergy in combination therapy with VX-809. The compound displays cell permeability, solubility, targeted intracellular release, enhanced *in vivo* stability, low immunogenicity and physical-chemical properties suitable for the formulation into an inhaled dry powder or solution form that allows topical dosing and immediate uptake in airway epithelial cells \[[@r77], [@r78]\].

3.3. Nanocarriers {#sec3.3}
-----------------

Albeit promising in terms of efficacy, peptides might be difficult to handle, because of their instability in body fluids due to the action of proteases, and during storage or delivery due to interactions with surfaces, air/water interface, presence of proteolytic enzymes, and sensitivity to ultrasounds and shear stress. Accordingly, some protein-based therapies failed during clinical translation, being labile and prone to proteolysis in the blood, compared to conventional small molecules \[[@r79]\]. Combining peptides with nanocarriers was therefore explored as a strategy to provide both protection against proteolysis and prolonged/controlled release \[[@r80], [@r81]\].

Several types of nanocarriers have been developed, including liposomes, which are able to carry active substances both inside and in/on their surface, as well as chitosan-modified liposomes \[[@r82], [@r83]\]. Thanks to this successful strategy, a number of nebulizable liposomal formulations have reached clinical trials, including Arikace^®^ (liposomal amikacin) and Pulmaquin^®^ (liposomal ciprofloxacin) antibacterial formulations, which are currently in advanced stages of development.

Alternative to liposomes, PLGA, alginate-chitosan hybrid, and hyaluronan particles have been designed to prolong residence in the lung milieu \[[@r79], [@r80]\]. PLGA nanoparticles can be used, for example, as carriers of triplex molecules that bind or hybridize to a target sequence in the human *CFTR* gene \[[@r84]\]. However, peptides that either target pathogens or epithelial cells need to penetrate the biofilm, a matrix composed of polysaccharides and DNA that contribute to increased mucus viscosity. Interestingly, when tested, the efficiency of compounds conjugated to liposomes or PLGA particles was enhanced in most cases, compared with the corresponding free drugs \[[@r81], [@r85]\].

3.4. Inhaled Drug Delivery {#sec3.4}
--------------------------

The preferred route of administration of drugs targeting respiratory dysfunctions in CF is ideally inhalatory. Notably, inhalation is not only preferable for the diminished side effects, compared to oral and/or systemic delivery, but is also convenient considering the large surface area and high vascularization of the lungs \[[@r82], [@r83]\].

On the other side, to be suitable for inhalation therapy, drug particles should meet specific requirements, including adequate ADME features (pharmacokinetics and pharmacology for absorption, distribution, metabolism, and excretion) and an appropriate respirable size, namely 1-5μm, which depends also on the performance of the device used for delivery \[[@r4]\].

To this aim, new formulations were engineered to improve lung targeting and dose consistency, so that could be adapted to the high number of delivery systems that are now available, including portable inhalers and nebulizers \[[@r86]\].

In 1956, Riker Laboratories developed the first pressurized Metered Dose Inhaler (MDI) \[[@r87]\]. The introduction of the pMDI denoted the beginning of modern aerosol industry, which now provides also Dry-Powder (DPI) and Soft-Mist Inhalers (SMI), ultrasonic and jet nebulizers, vibrating-mesh as well as smart devices \[[@r88]\].

pMDIs, SMIs and DPIs can deliver relatively small quantities of medication to the lungs, when compared to medical nebulizers. As an example, pMDI and DPI usually deliver small drug amounts to the airways, so they require repetitive delivery to provide effective doses \[[@r89]\]. An exception might be the preparation in the form of pulmospheres \[[@r86]\], which allows loading of drug particles up to 95% in weight \[[@r90]\] and guarantees low interpatient variability, enabling treatment of patients of any age, even in the presence of severe airflow obstruction \[[@r91]\]. Moreover, use of pMDI and DPI inhalers can be challenging, potentially leading to improper handling that can significantly reduce drug delivery to the lungs and therapeutic effectiveness \[[@r92]\].

Ultrasonic nebulizers are not suitable for nebulization of proteins such as AAT, because the molecule is destroyed by frictional forces. On the contrary, jet nebulizers, such as the Pari Boy^®^ S with the LC Plus^®^ nebulizer (Pari), are suitable, although able to deliver only up to 40% of the aerosol to the lungs \[[@r93]\]. Vibrating-mesh devices, such as the MicroAir NE-U22V^®^ nebulizer (Omrom Healthcare), the AeroNeb^®^ OnQ aerosol generator (Inspiration Medical), and the eFlow^®^ (Pari), conveniently generate aerosols by perforated meshes actuated by piezo-electric vibrational crystal or ceramic elements.

Even at high outputs, the delivery rates to the lungs can be further improved by timing drug delivery to the inspiratory phase of the respiration cycle \[[@r94], [@r95]\]. To this aim, a smart card has been designed to optimize aerosol pulse to the patient's pulmonary function. Currently, two smart devices equipped with such technology are available: The I-neb, a small stand-alone nebulizer, and the Akita^®^, hooked to a Pari jet or eFlow nebulizer \[[@r94], [@r96]\]. However, devices equipped with such technology are still very expensive.

Unfortunately, the shearing provided during nebulization of aerosol droplets may induce physical stress on liposome bilayers and peptides themselves, causing a loss in therapeutic efficacy. Hence, formulation composition, nebulizer design and an adequate training program of patients should be optimized, with the aim of i) reducing the detrimental effect of shearing on the drug, and ii) maximizing deposition in the lower airways \[[@r97], [@r98]\].

CONCLUSION
==========

Peptides are versatile therapeutic candidates for the systemic and inhaled treatment of several diseases. Accordingly, during the past few years, peptide-based therapeutics have been developed for the treatment of CF.

Evidence discussed above highlights the emerging peptide-based drugs as promising, albeit challenging, therapeutic agents for the inhalatory treatment of CF patients.

CURRENT & FUTURE DEVELOPMENTS
=============================

An emblematic case recapitulating the challenges in the development of peptide-drugs for inhaled delivery is that of insulin \[[@r99]\]. Massive efforts in developing inhaled insulin formulations were pushed on one side by the global burden of diabetes worldwide, and, on the other side, by the need to overcome the distress of multiple daily injections. This new formulation was expected to be successful, especially when Exubera^®^ was approved by the FDA/EMA and released to the market in 2006/2007.

A number of other inhaled insulin formulations were in late stage of clinical development and expected to reach the market. However, when Pfizer withdrew Exubera^®^ from the market due to limited commercial success, inhaled insulin was removed from several pipelines, despite positive clinical results and high acceptance from patients. MannKind was the only one to progress with Afrezza^®^ inhaled insulin. Sanofi brought this product to the market in 2014, but returned it to MannKind shortly afterward, because of poor sales. As learned from the insulin story, a successful development of peptide-based drugs for inhaled delivery might be challenging even in the case of a non-rare disease like diabetes.

Of note, CF-related diabetes is a major co-morbidity of CF, affecting over half of middle-aged CF patients \[[@r100]\]. However, inhaled delivery for CF therapy, *per se*, has an additional, intrinsic challenge: given the thick mucus layer and the chronic inflammation in the lungs, it is likely that peptide-based drugs, like insulin and others, do not efficiently reach the target cells. Nevertheless, peptides can survive sufficiently long in the mucus layer to diffuse and reach their targets. In addition, reduction of the mucus burden with different physiotherapeutic techniques prior to the administration of the compound can further help to overcome the potential problem of delivery through the mucus.

Future trials in CF should be therefore grounded on such concepts and take in serious consideration the need of optimization in the delivery of peptidic drugs in a potentially adverse environment \[[@r85]\].
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![In Cystic fibrosis, depletion of the airway surface liquid is due to the absence of Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)-mediated fluid secretion, accompanied by increased absorption via ENaC epithelial sodium channel. The dehydration of the liquid layer associated with a mutant CFTR contributes to mucus stasis, and eventually to plugging in the submucosal gland or in proximity of the originating goblet cells. These events lead to the onset of a proinflammatory airway environment that promotes proliferation of bacteria and attracts inflammatory cells, including neutrophils and macrophages. Neutrophils, in turn, release proteases, which further enhance mucus viscosity and ultimately lead to lung damage.](PRIAD-13-19_F1){#F1}
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